INTRODUCTION
Patients with atrial fibrillation are commonly managed using vitamin K antagonists (VKAs), such as warfarin, to reduce the probability of stroke. When VKAs are initiated or interrupted, physicians often prescribe concomitant short-acting parenteral anticoagulants ("bridging" anticoagulants). Despite wide use of this practice, the benefit of bridging anticoagulation in both initiation and interruption remains unclear. Based on expert opinion, current guidelines recommend bridging anticoagulation for patients at high risk of stroke during VKA interruption. 1, 2 The recently published BRIDGE trial concluded that forgoing bridging during interruption for patients with atrial fibrillation whose CHADS 2 score is 1 or greater was noninferior to bridging with regard to arterial thromboembolism, with lower rates of bleeding complications. 3 Still, several questions remain. First, the BRIDGE trial did not address the question of bridging during initiation of VKAs. More importantly, because the underlying risk of stroke varies significantly among patients who meet the BRIDGE trial's entry criteria (CHADS 2 of 1 or greater), we anticipate heterogeneity of treatment effect. Only 58 of the 1884 subjects enrolled in the BRIDGE trial had a CHADS 2 score of 5 or 6. 3 In theory, though, it is these highest-risk patients who are the most likely to receive net benefit from bridging and are thus the patients recommended for bridging during interruption by most guidelines.
1,2 Furthermore, intracranial hemorrhage, the most severe and disabling complication of bridging anticoagulation, is sufficiently rare that it likely represented very few, if any, of the 41 major bleeding episodes observed in that trial. 3 Thus, the benefit of bridging patients with atrial fibrillation at high risk of stroke remains unclear, as does the balance of risk and benefit across the continua of ischemic and hemorrhagic risk.
Using simulation techniques, we sought to define the net clinical impact of bridging anticoagulation among patients with nonvalvular atrial fibrillation whose warfarin Electronic supplementary material The online version of this article (doi:10.1007/s11606-016-3932-7) contains supplementary material, which is available to authorized users.
is interrupted or newly initiated. We also sought to define subpopulations for whom bridging might offer appreciable benefit or harm. We hypothesized that bridging anticoagulation could lead to clinically important net benefit or harm among patients being initiated on or interrupting VKAs depending upon the underlying risks of stroke, the underlying risk of intracranial hemorrhage, and the weighting accorded to the two outcomes.
METHODS
We created a Monte Carlo simulation model to predict the effect of bridging anticoagulation plus warfarin compared to warfarin alone on ischemic strokes, intracranial hemorrhages, and major spontaneous extracranial hemorrhages. The model assessed two situations: (1) bridging during interruption of established warfarin therapy and (2) bridging during initiation of warfarin therapy. First, we estimated the underlying daily risks of each outcome, using the two most common risk stratification scores for stroke (CHADS 2 and CHA 2 DS 2 -VASc) and hemorrhages (HAS-BLED and HEMORR 2 -HAGES).
4-8 Next, we simulated INRs for each day after initiation or interruption of warfarin and calculated the odds ratios for stroke and hemorrhage as a function of the patient's INR. Using those estimates (underlying daily risks, INR on each day, and odds ratios as a function of INR), we calculated the probability of each outcome with warfarin alone. We then repeated our simulation for warfarin with bridging, calculating the difference between the hypothetical cohorts with and without bridging. Because intracranial hemorrhages often have greater impact on morbidity and mortality compared with ischemic stroke, we used previously described methods to weight the two outcomes and estimate net clinical benefit. 9, 10 Because procedure-specific risks vary widely (a dental procedure and joint replacement would have widely different ischemic and hemorrhagic complication risks, for example), we modeled only spontaneous bleeding or ischemic events, not procedure-specific events. The model structure described here is shown schematically in Fig. 1 . To ensure stable estimates, over 1 million patients were simulated for each condition. We implemented our algorithm in version 13 of STATA (College Station, TX). Code is available on request from the corresponding author.
SOURCES OF MODEL PROBABILITIES Baseline Risks of Stroke and Hemorrhage
To estimate the underlying risks of intracranial and major extracranial hemorrhage and ischemic stroke, we sought published data that included distributions of a common stroke risk prediction tool (either CHADS 2 or CHA 2 DS 2 -VASc) and a common hemorrhage risk prediction tool (either HEMOR-R 2 HAGES or HAS-BLED). We searched the MEDLINE database using the strategy detailed in the Supplementary Appendix and reviewed the resulting papers for annual risk estimates of ischemic stroke, intracranial hemorrhage, and non-intracranial major hemorrhage. We derived daily risks of ischemic stroke, intracranial hemorrhage, and non-intracranial major hemorrhage from Friberg and colleagues' analysis of Swedish registry data, which includes information on each of the stroke and bleeding risk scores. 5, 10 Because intracranial hemorrhage was rare, we used regression to smooth the predicted rate of intracranial hemorrhage as a function of each bleeding risk score.
Using these underlying risk distributions, we simulated cohorts of patients with each combination of stroke risk score and hemorrhage score. Because no estimates of intracranial hemorrhage risk could be identified with the ATRIA bleeding risk score, no simulations were performed using that risk prediction tool. 11, 12 Daily Change in INR 13 These data permitted simulation under "real-world" conditions of warfarin initiation and also allowed individual-level simulation. To estimate benefit when optimal initiation protocols were used, we fitted distributions of INR to those published from the COAG trial's clinically guided dosing group. 14 In our simulation of bridging during interruption, patients began day zero with a baseline INR derived from a cohort of anticoagulated atrial fibrillation patients. 15 We generated declining INR values for days 1 through 5, assuming that each patient's initial INR decayed in keeping with rates published by White and colleagues. 16 We assumed that all patients resumed warfarin on day 5 and that subsequent INRs increased as they did for initiation. In our base case analysis, patients thus received bridging during interruption for 10 days total (5 days before and 5 days after the procedure).
Odds of Stroke and Hemorrhage Conditioned on INR
Based on data published from the ATRIA cohort, we derived ischemic and hemorrhagic event odds ratios as functions of INR. 17 A detailed description of these derivations can be found in the Supplementary Appendix. We then calculated odds ratios for ischemic stroke, intracranial hemorrhage, and non-intracranial major hemorrhage for each day after initiation of warfarin. We conducted our simulation for initiation and interruption to predict the probability of each outcome with warfarin alone.
To determine the relative risk of bleeding events when bridging anticoagulation is added, we applied the relative risk of hemorrhage from the BRIDGE trial. 3 In separate sensitivity analyses, we substituted estimates from Siegal and colleagues' systematic review and meta-analysis of peri-procedural heparin. 18 However, we found the efficacy estimates of parenteral heparin (odds ratio of 0.8) and therapeutic-range warfarin (0.14) to be implausibly divergent. 17, 18 Our base case analysis therefore assumed bridging would be as effective as therapeutic-range warfarin for preventing ischemic events. While this assumption is driven by theory rather than data, it appeared to us the most reasonable a priori hypothesis regarding the effectiveness of bridging and the prevailing belief among clinicians. Note that this approach leads to significantly higher estimates of the benefit of bridging than would using the estimate from Siegal and colleagues' meta-analysis, as does using the relative risk found in the BRIDGE trial rather than the odds ratio estimated by Siegal and colleagues. Descriptive statistics and key references regarding relevant distributions are given in Table 1 .
Net Clinical Impact of Bridging
To estimate the net clinical impact of bridging, we adopted the approach described by Singer and colleagues, assuming a relative weight of intracranial hemorrhage of 1.5 compared to ischemic stroke in our base case analyses (that is, an intracranial hemorrhage is, on average, 1.5 times worse than an ischemic stroke), with sensitivity analyses using weights from 1.0 to 2.0. 9 Because extracranial hemorrhage carries lower mortality and long-term morbidity than intracranial hemorrhage, we did not include extracranial hemorrhages in our base case estimates of net clinical benefits.
Based on our literature review, the existence of a hypercoagulable state during initiation of warfarin appeared controversial. Clinical data support such a period (with higher observed stroke rates than those predicted by risk scores), while some biochemical data suggest otherwise.
19,20 Accordingly, we carried out our simulation with and without the assumption of an explicit hypercoagulable state by including or omitting a rate ratio for stroke for each day after initiation of warfarin. This was obtained from Azoulay and colleagues' cubic spline of adjusted rate ratio of ischemic stroke according to day after initiation of warfarin, provided by the corresponding author. 19 We then estimated, using published data regarding the covariation of stroke and hemorrhage risk scores, the percentage of patients with non-valvular atrial fibrillation who would derive net benefit from bridging anticoagulation during initiation and interruption. 21 
Duration of Bridging
Our simulations of bridging during initiation used a base case time period of 7 days. Because the time to therapeutic range is not known a priori, a prescription for a bridging anticoagulant is provided to patients when warfarin is initiated; 1 week seemed to us a common clinical practice. We also simulated a 5-day period of bridging during initiation. Our simulations of interruption assumed that all patients stop warfarin 5 days prior to a procedure, resumed warfarin the day of the procedure, and received bridging for the 10 days following interruption of warfarin (5 days before and 5 days after their procedure). 
SENSITIVITY ANALYSES
In one-and two-way sensitivity analyses, we varied the risk scores used, whether regression was used to smooth rates of hemorrhagic outcomes, the relative impact of bridging on the risks of ischemic stroke and hemorrhagic events (from either the BRIDGE trial or a meta-analysis that included larger numbers of patients), the relative weight given to each major outcome (ischemic stroke and intracranial hemorrhage), the duration of bridging, whether a small disutility was accorded to extracranial major hemorrhages, the origin of our INR trajectories, and whether a clinically significant hypercoagulable state exists on initiation of warfarin. Sensitivity analyses are summarized in Table 1 . Those that materially changed our conclusions are discussed below; others are presented in the Supplementary Appendix. *Some authors would refer to these as scenario analyses rather than sensitivity analyses. We here use the more general and more widely understood term †
As described in the text, these two estimates are discordant, with non-overlapping confidence intervals, and produce meaningfully different results
RESULTS
In our base case simulations of bridging during initiation and bridging during interruption, between 47% and 80% of patients would receive net benefit, depending on underlying assumptions. The results of our base case simulation of bridging during interruption are shown in Tables 2 and 3. Table 2 shows the change in weighted strokes (intracranial hemorrhage is weighted as 1.5 times ischemic stroke to reflect the generally worse outcomes of that event) and change in extracranial major hemorrhages when bridging during interruption of warfarin. Similarly, Table 3 shows the results of our base case simulation of bridging during initiation, with change in weighted strokes and change in extracranial major hemorrhages stratified by risk scores. Each cell in Tables 2 and 3 contains the net change in weighted strokes per 100,000 bridged patients, relative to warfarin alone, for that combination of stroke risk scores and bleeding risk scores. Negative numbers represent reduction in stroke (net benefit), while positive numbers represent an increase in weighted strokes (a net harm). We found significant variation in the net benefit of bridging based on patients' underlying risks of ischemic and hemorrhagic stroke. In both initiation and interruption of warfarin, patients at high risk of stroke and low risk of intracranial hemorrhage stand to benefit from bridging anticoagulation. For example, bridging 100,000 patients with a CHADS 2 score *An intracranial hemorrhage is weighted to be 1.5 times clinically worse than an ischemic stroke †Episodes of spontaneous extracranial major bleeding induced by bridging during interruption Model estimation of stroke and bleeding outcomes after bridging anticoagulation for 5 days before and 5 days after a procedure in patients whose warfarin is interrupted in patients with a range of CHADS2 risk scores for ischemic stroke (columns) and HAS-BLED risk scores for hemorrhagic complications (rows). Shaded cells indicate a net benefit in weighted strokes. "N/P" indicates combinations of scores that are not possible, given clinical conditions that are included in both scores. For example, a patient with a CHADS 2 score of 6 must be at least 75 years old and have a history of hypertension. Because both are also included in HAS-BLED, that patient must have a HAS-BLED score of at least 2. The number in each cell indicates the weighted strokes caused or prevented for that combination of risk scores. For example, bridging 100,000 patients with CHADS 2 and HAS-BLED scores of 0 for 10 days during warfarin interruption would avert 2 weighted net strokes, on average, and induce 34 extracranial major hemorrhages *An intracranial hemorrhage is weighted to be 1.5 times clinically worse than an ischemic stroke †Episodes of spontaneous extracranial major bleeding induced by bridging during interruption Model estimation of stroke and bleeding outcomes after 7 days of bridging during initiation in patients with a range of CHADS 2 risk scores for ischemic stroke (columns) and HAS-BLED risk scores for hemorrhagic complications (rows). Shaded cells indicate a net benefit in weighted strokes. The number in each cell indicates the weighted strokes caused or prevented for that combination of risk scores. For example, bridging 100,000 patients with CHADS2 and HAS-BLED scores of 0 for 7 days during warfarin initiation would avert 4 weighted net strokes, on average, and induce 23 extracranial major hemorrhages "N/P" indicates combinations of scores that are not possible, given clinical conditions that are included in both scores. For example, a patient with a CHADS 2 score of 6 must be at least 75 years old and have a history of hypertension. Because "Age >65" and "Hypertension history" are also included in HAS-BLED, that patient must have a HAS-BLED score of at least 2 of 5 and a HAS-BLED score of 1 during an interruption of warfarin would avert approximately 219 ischemic strokes, but cause approximately 24 intracranial bleeding events. When those outcomes are weighted as in our base case analysis, bridging during interruption would lead to a net clinical benefit of 183 weighted strokes prevented per 100,000 patients (shown in Table 2 ). Overall, net clinical benefit appeared to be most sensitive to the weighting given to intracranial hemorrhage relative to ischemic stroke. Because extracranial hemorrhages are not directly comparable to strokes and the small disutility we assigned led to few changes in the decision to bridge, extracranial major hemorrhages are reported separately.
Two sensitivity analyses produced notable results. When we assumed that there is a significant hypercoagulable state with initiation of warfarin, between 79 and 90% of patients derive net benefit from bridging during initiation compared with initiation of warfarin alone. In contrast, when we assumed that bridging is as effective as reported by Siegal and colleagues (RR of 0.8 for ischemic stroke), rather than assuming bridging is as effective as therapeutic-range warfarin (RR of 0.14), no simulated groups, in either bridging during initiation or bridging during interruption, received benefit. Additional tables, with outcomes according to CHA 2 DS 2 -VASc and HEMORR 2 -HAGES scores, along with tables for different sensitivity analyses, are included in the Supplementary Appendix. While variations in each parameter led to different magnitudes of predicted benefit or harm, the need for stratification by both gradients of risk was consistent.
DISCUSSION
Bridging anticoagulation is often prescribed for patients with atrial fibrillation when VKAs are initiated or interrupted, based on expert-consensus guidelines. In contrast to the recently reported BRIDGE trial, the summary results of which would suggest forgoing bridging entirely, our simulations suggest that subpopulations may receive benefit from bridging. In fact, in our base case simulation of bridging during interruption, a majority of patients stand to benefit, and in almost all sensitivity analyses, patients at high risk of ischemic complications and low risk of hemorrhagic complications receive benefit.
In this simulation-based analysis, the net clinical benefit of bridging varies substantially based on underlying risk of ischemic and hemorrhagic complications, ranging from (in our base case simulation of bridging during interruption) 83 weighted strokes caused to 188 weighted strokes averted per 100,000 patients bridged. Our analysis demonstrates that, for this practice to offer benefit to patients, the decision to prescribe bridging anticoagulation must be personalized on predicted risk of ischemic and hemorrhagic complications. We have included tables (here and in the Supplementary Appendix) under many different assumptions to allow more personalized decisions regarding bridging during initiation and bridging during interruption for patients with non-valvular atrial fibrillation. Note that we do not here consider procedure-specific risks or benefits, as these vary widely; such risks must be considered in addition to the spontaneous risks we consider here.
There appears to be a subset of patients who would derive clinically meaningful benefit from bridging anticoagulation. For example, prescribing a 7-day bridge to 100,000 patients with a CHA 2 DS 2 -VASc score of 5 and a HAS-BLED score of 0 initiating warfarin would prevent around 81 ischemic strokes at the expense of 3 intracranial hemorrhages and 24 extracranial major hemorrhages caused. This benefit turns to harm, though, when bleeding risk increases. A 100,000-person cohort of patients with a CHA 2 DS 2 -VASc score of 5 and a HAS-BLED score of 5 would stand to receive a more modest benefit and perhaps a harm: around 81 ischemic strokes would be prevented, at the expense of 43 hemorrhagic strokes and 310 extracranial major hemorrhages caused.
Our analysis is subject to several important limitations. First, we are dependent upon literature-derived risks, which in turn depend on the predictive ability of the risk scores used. To our knowledge, neither HAS-BLED nor HEMORR 2 -HAGES have been prospectively validated to predict intracranial hemorrhage. Prediction of ICH is challenging, and even in the large Swedish registry non-monotonic changes in risk by score (for example, the highest risk of intracranial hemorrhage was seen at a HAS-BLED score of 3) leave us with some concern about the accuracy of these prediction scores for this outcome. Second, our risk distributions are derived from a Scandinavian registry of patients with previously diagnosed atrial fibrillation; scores in this and other registries are likely to be systematically higher than in patients with newly diagnosed atrial fibrillation and patients being initiated on VKAs, and they may have systematic differences compared with patients in other countries or regions. Third, the ability to translate careful risk stratification into practice is hampered by inclusion of parameters that may not be available when initiating anticoagulation, such as labile INR (in HAS-BLED) or genetic predisposition to hemorrhage (in HEMORR 2 -HAGES). Fourth, these results do not apply to patient groups for whom immediate anticoagulation is desired (such as patients with pulmonary emboli). Fifth, we modeled net clinical benefit, not cost-effectiveness. The small benefits predicted in our simulation may not be clinically meaningful or cost-effective for all groups. Future cost-effectiveness analyses could better define what subgroups of patients receive adequate benefit to justify the cost of bridging. This method also leaves out some clinically significant events, such as skin necrosis and thrombocytopenia. While the disutility of such outcomes is likely much lower than the disutility of long-term disability from stroke, they remain clinically significant events. And finally, we are not aware of an outcomes database of sufficient size and detail to validate our predicted results; accordingly, the predictive fit of our model cannot currently be assessed.
Despite these limitations, our analysis provides additional guidance on the use of bridging anticoagulation among atrial fibrillation patients being initiated on warfarin or whose warfarin must be interrupted. The BRIDGE trial concluded that forgoing bridging is non-inferior by more than 0.1% compared to bridging during interruption for patients with atrial fibrillation and a CHADS 2 score of 1 or greater; our analysis adds that patients at highest risk of ischemic complications, who were underrepresented in the BRIDGE trial, stand to receive benefit from bridging during both initiation and interruption. Our simulations further suggest that bridging anticoagulation should be used only after careful risk stratification and consideration of the modest benefit conferred. If guidelines are to recommend bridging anticoagulation for patients with atrial fibrillation initiating or interrupting VKAs, stratification by both risk of ischemic and hemorrhagic stroke is essential.
